Utilizing observations from the Medium Energy Proton and Electron Detector (MEPED) onboard the Polar Orbiting Environmental Satellite (POES) and the Microwave Limb Sounder (MLS) onboard the Aura satellite, we demonstrate that there is a strong link between 100 -300 keV loss cone electron count rates observed in the outer radiation belt and night-time OH concentrations in the middle mesosphere at 71 -78 km altitude. In theory, this can be expected because the ionization caused by energetic electron precipitation (EEP) leads to odd hydrogen (HO x ) production through ionic reactions. However, this is the first time that OH production due to EEP has been observed. We consider daily mean data from two months, 
Introduction
Energetic particle precipitation occurring at high magnetic latitudes affects the neutral composition of the middle atmosphere. For example, ozone-destroying catalytic reactions take place after particle impact ionization and ion chemistry produce excess amounts of odd hydrogen (HO x = H + OH + HO 2 ) and odd nitrogen (NO x = N + NO + NO 2 ) species. In the upper stratosphere and mesosphere, substantial changes in ozone have been observed by satellites especially after large solar proton events [Jackman et al., 2001; Seppälä et al., 2004; López-Puertas et al., 2005; Verronen et al., 2006] .
After ionization takes place, the NO x production is mostly due to secondary electrons which efficiently dissociate N 2 molecules to yield atoms of nitrogen [Porter et al., 1976; Rusch et al., 1981] . Although the atoms in their ground state N( 4 S) will react with NO causing NO x loss, those in the excited state N( 2 D) react with O 2 molecules and produce NO. Also ion chemistry, involving simple ions such as N + and NO + , produces NO. Production of HO x species is more complicated because it involves the formation of water cluster ions, such as H + (H 2 O) 4 , which then recombine breaking H 2 O molecules to yield OH and H [Heaps, 1978; Solomon et al., 1981] . HO x production takes place only at altitudes below ≈ 80 km where enough water vapor is available for efficient cluster ion formation.
The atmospheric effects caused by solar proton events (SPEs) are reasonably well known. This is because high-energy protons, although guided by the Earth's magnetic field into the high-latitude polar regions, propagate more or less directly from the Sun into Earth's atmosphere so that continuous proton flux observations made from Geostationary Orbit can be used to calculate energy deposition and ionization rates at middle atmospheric altitudes. Also, detecting atmospheric effects of SPEs is relatively easy because they typically cover a large, continuous geographical area, i.e. the polar caps [Jackman et al., 2001; Rodger et al., 2006; Verronen et al., 2007] . In contrast, energetic electrons are first captured and stored by Earth's magnetosphere, e.g. the radiation belts, from where they are eventually lost into the atmosphere especially during magnetic storms which can accelerate the electrons to high energies. The temporal variability, strength, and significance of energetic electron precipitation (EEP) reaching the mesosphere is poorly known because continuous flux measurements are particularly hard to make due to the relatively small size of the bounce loss cone at satellite altitudes (the loss cone is defined by the equatorial pitch angles of those electrons that will be lost to the atmosphere rather than be trapped by magnetic forces). Therefore, the calculation of atmospheric effects based on these data is not trivial. Electron fluxes could be estimated by radiation belt modeling, considering the balance of processes leading to input and loss of electrons in the belts, but large uncertainties are present in the current models [Bourdarie et al., 2007] .
Although there has been evidence that EEP is affecting polar NO x and ozone in the mesosphere and upper stratosphere, the scarcity of the electron flux and atmospheric data has not allowed for strong conclusions on the significance of EEP in general [e.g. Callis et al., 2001] . Recently, observations have shown that substantial amounts of NO x have descended inside the polar vortex from mesosphere to stratosphere during most winters of the last decade Seppälä et al., 2007; Hauchecorne et al., 2007; Randall et al., 2009] . Also, a high negative correlation has been found between the decadal wintertime variations of polar mid-stratospheric ozone and the flux of energetic electrons in the X -6 VERRONEN ET AL.: ELECTRON PRECIPITATION AND MESOSPHERIC HYDROXYL radiation belts [Sinnhuber et al., 2006] . Changes in stratospheric ozone could implicate changes in the general circulation and climate, but the connecting mechanisms are not yet understood. In order to adequately study these connections between atmospheric layers, it would be important to know the characteristics of EEP so that altitudes and locations of NO x and HO x production could be determined with confidence. This is not currently the case, and the relative importance of dynamical transport and in-situ production by particle precipitation to observed NO x enhancements is not always clear.
In this paper, we investigate the connection between electron count rates and OH concentrations measured by MEPED/POES in the outer radiation belt and MLS/Aura in the mesosphere, respectively. We will show that there is a clear increase in OH during high-count-rate periods at magnetic latitudes 55 -65
• . We also discuss the possibility of using OH observations as an aid in the characterization of the energy, magnitude, and spatio-temporal extent of EEP.
Data

Electron count rates from MEPED/POES
The second generation of the Space Environment Monitor (SEM-2) onboard the NOAA
Polar Orbiting Environment Satellites (POES) contains a Medium Energy Proton and
Electron Detector (MEPED) that monitors the intensities of charged particle radiation at higher energies extending up to cosmic rays [Evans and Greer , 2004] . POES orbits the Earth in a high-inclination (polar), Sun-synchronous orbit at about 800 km altitude.
MEPED has two electron telescopes and two proton telescopes. Both electron telescopes provide three channels of energetic electron data: >30 keV, >100 keV, and >300 keV. The channels are sampled simultaneously, so the number of data points is the same and data from different channels are directly comparable in time and space. The difference between the pairs of telescopes is that they are pointed approximately perpendicular to each other.
The so-called 0 • electron detector views outward along the Earth-center-to-satellite vector.
Whenever the satellite is poleward of a geomagnetic latitude of about 33
• , this detector monitors electrons in the bounce loss cone that will enter the Earth's atmosphere below the satellite . At lower latitudes, it measures electrons that are geomagnetically trapped. The response of the 90
• detector is more complex; at high latitudes it tends to measure a combination of trapped and quasi-trapped electrons (i.e.
electrons in the drift loss cone that are not lost to the atmosphere locally but are lost in regions where the magnetic field is weaker), and bounce loss cone electrons at low latitudes .
In this work we use data from the MEPED 0 • electron telescope to monitor the electron precipitation in high-latitude regions. First, SEM-2 data of 16-second time resolution from NOAA-15, -16, and -17 were combined to produce 3-hour and further daily mean electron counts at L shells 3.0 -5.6. These L values are equivalent to magnetic latitudes 55 -65
• (magnetic field lines cross the Earth's magnetic equator at a number of Earth-radii equal to their L value) and connect to the outer radiation belt. Then, energy channels >100 keV and >300 keV were used, and the count rate of the latter channel was subtracted from that of the former in order to get an estimate of the precipitating flux values for the 100 -300 keV electrons. It should be noted that our approach, averaging each of the channels first and then subtracting, could introduce inconsistencies in the time/space sampling between the two energy channels. This is because on average (over time period 1998 -2007) 3-hour data have significantly more corrupted data points in the >300keV channel X -8 VERRONEN ET AL.: ELECTRON PRECIPITATION AND MESOSPHERIC HYDROXYL than in the >100keV channel due to proton contamination . However, neither the 3-hour nor daily average data used in the present study are compromised by this issue. The atmospheric penetration depth of electrons depends upon their energy such that 40 keV, 100 keV, 300 keV, 1 MeV, and 3 MeV electrons deposit a major part of their energy (i.e. ionize atmospheric molecules) at approximately 90, 80, 70, 60 and 50 km, respectively, and have virtually no effect at the altitudes below [e.g. Turunen et al., 2009, Fig. 3] . Therefore, the 100 -300 keV electrons are affecting the atmosphere at ≈ 70 -80 km. In principle, the electron flux units are cm −2 s −1 sr −1 . However, the fraction of the loss cone viewed by the instrument will change with L shell, which means that it is not straight forward to establish a "true" precipitation flux. Nevertheless, the observations can be used to monitor changes in the levels of electron precipitation. It should be noted that electron fluxes from MEPED are not readily usable in atmospheric ionization rate calculations because of the issues above, and also due to degeneration of the instrument and data over time as well as significant levels of contamination by low-energy protons during storms times . For this reason we will work in counts per second, rather than working with absolute flux values, while noting that the conversion from counts/s to "normal" electron flux units (cm −2 s −1 sr −1 ) simply involves multiplying the count rate by 100 [Evans and Greer , 2004] .
SPEs, whenever they occur, dominate the ionization in the middle atmosphere. Therefore we made a search for times with high electron count rates, which indicate precipitation into the atmosphere, but with no SPEs. In Fig. 1 , the POES daily mean count rate ob- Before the analysis, we processed the MEPED/POES observations to exclude contamination by low-energy protons, following the simple procedure described by Rodger et al.
[2010]. For the time periods studied here, the median reduction in electron count rates due to the proton screening is only ∼10% or less. This means that the low-energy proton contamination as well as the proton screening have, in the current study, a modest effect on the electron count rates.
OH concentrations from MLS/Aura
The Microwave Limb Sounder (MLS) instrument is onboard NASA's Aura satellite which was launched in July, 2004, into a Sun-synchronous near-polar orbit [Waters et al., 2006] . MLS observations can be used to monitor a large number of trace gases of the middle atmosphere, which includes O 3 , OH, HO 2 , and H 2 O. The instrument is able to measure during both day and night conditions, and the observations cover geographic
latitudes 82
• S -82
• N on each orbit. MLS is the first satellite instrument providing continuous observations of OH and HO 2 in the mesosphere Pickett et al., 2008] .
The HO x family has a strong diurnal variation in the middle atmosphere because its production from H 2 O depends upon solar radiation. .
OH observations made during solar proton events have shown that its concentration is sensitive to energetic particle precipitation Damiani et al., 2008] .
Below ≈ 80 km, the chemical lifetime of the HO x family is only on the order of hours.
Therefore, transport processes play a minor role for the HO x distribution on the short term. For these reasons, HO x species are suitable for monitoring short-term variations of particle precipitation in the middle and lower mesosphere, and particularly for EEP.
In this paper, we utilize night-time observations of OH from MLS/Aura, data version 2.2x. The solar zenith angle at the point of observation was required to be larger than 100
• and only local times between midnight and 6 a.m. were considered. These data should typically show the lowest OH concentrations within a day (except at altitudes of the night-time OH layer), and make the detection of possible EEP-related enhancements easier. The estimated systematic error of the OH observations is typically within 8%, and validation has indicated a good agreement with balloon-borne and ground-based observations [Pickett et al., 2008] . The vertical resolution of OH observations is ∼ 2.5 km.
Corrupted data were screened out following the instructions of the MLS Data Quality and Description Document [Livesey et al., 2007] . The geographic coordinates of the observations were converted to magnetic ones, so that the measurements can be sorted according to magnetic latitude. We made use of Corrected GeoMagnetic (CGM) coordinates based on the Definite/International Geomagnetic Reference Field (DGRF/IGRF) at 100 km altitude, determined using the GEOPACK software routines. MLS pressure levels and mixing ratios were converted to approximate altitudes and concentrations, respectively, using temperatures and total concentrations from the MSISE-90 model. As already discussed in Section 2.1, when comparing these OH data with particle count rate observations from MEPED it should be noted that electrons with energy between 100 and 300 keV will deposit their energy approximately at altitudes between 70 and 80 km [e.g. Turunen et al., 2009, Fig. 3] . Because the formation of the OH night-time maximum at 82 km might complicate the detection of EEP effects we have, in most cases, excluded altitudes ≥80 km from our analysis. Therefore, we focus mainly on MLS hydroxyl data between 71 -78 km (corresponding to pressure levels between 0.0464 -0.0147 hPa).
In addition to OH, we also use MLS observations of water vapor (v2.2x) to support our as we did it for the OH observations. In the mesosphere, the systematic errors of the H 2 O observations are 6 -34% and the vertical resolution is ∼ 12 -16 km although the data are given in a grid of 3 -5 km spacing [Lambert et al., 2007] . Thus, the H 2 O observations have a coarser retrieval pressure grid than what is used for OH. For this reason, in our analysis we use MLS water vapor data between 71 -76 km (corresponding to pressure levels between 0.0464 -0.0251 hPa), instead of using exactly the same altitude range as for OH.
Results
Taking into account the magnetic latitudes and altitudes that are likely to be affected by radiation belt electrons, we begin by plotting some of the electron count rate and OH data in the same figure. Fig. 2 shows daily average data from MEPED and MLS. In In order to better understand the latitude-longitude extent of the EEP effects, we next examine more closely the OH data from March 5 -10, 2005. In Fig. 3 After pinpointing the EEP effects latitude-wise, we now study the EEP response at selected altitudes. coefficients r, random chance probability p (t-test), and line fit parameters a and b were calculated, the results are given in the panel titles. We consider the correlation to be high (i.e. not insignificant) when its p value is <5%. In the present study, this p limit corresponds to r ≈ 0.35, thus larger r values indicate high correlation. In these calculations, we used square root of electron count rates based on the following simple estimation: assume that 1) the night-time HO x production rate is proportional to the electron count rate R and 2) the loss is due to HO x + HO x reactions so that the loss rate is proportional to Based on the results above we are confident that OH concentrations at magnetic latitudes 55 -65
• and altitudes 71 -78 km show a clear response to EEP as measured by MEPED at L = 3.0 -5.6. In Fig. 6 we again present comparisons with the MEPED electron count rate data, this time taking the mean of the OH data also over these altitudes. By averaging out over the altitude, the signal-to-noise ratio improves but, on the other hand, the natural variation may increase because OH concentration increases with increasing altitude (up to the 82-km night-time maximum). In any case, because the MEPED electron count rates are a total number for 100 -300 keV energies it is logical to use averages of OH concentrations at the corresponding altitudes. In March 2005, the correlation between the data sets is as high as or higher than for most of the individual altitudes. For NH and SH, r = 0.88 and 0.75, respectively, thus EEP forcing can explain 77% and 56% of the OH variation. The slope of the fitted line a is 0.23 and 0.28 (×10 5 ) for the NH and SH, respectively. This means that OH changes corresponding to a change of count rate from 10 to 1000 counts/s are 6.5 and 7.9 × 10 5 cm the SH compared to the NH. So, in the SH the flux threshold is probably higher than in the NH and a larger portion of the OH observations are not significantly affected by EEP.
Therefore, when including the low-count-rate data points, there should be less correlation in the SH, as there in fact is (see Fig. 6 ). To test this further, we excluded the data points with count rate lower than 10 counts/s and repeated the correlation calculations for March 2005. With this threshold applied, r increases in both NH and SH to 0.93 and 0.85, respectively, so that EEP now explains over 70% of the OH variation also in the SH. Raising the threshold even further leads to r values larger than 0.9 in both hemispheres. However, this improvement is at least partly due to the low number of data points remaining at high count rates.
Finally, we investigate the possible role of water vapor in the observed OH variations.
A connection between OH and H 2 O concentrations can obviously be expected because the former is photochemically produced from the latter. But could H 2 O explain also the OH changes which we have attributed to EEP in this paper? The answer to the question is no, H 2 O cannot explain these changes. However, in the following we show that it is nevertheless important to be aware of possible H 2 O effects when looking for EEP signals in the OH data. Therefore, this case requires a closer examination.
In Fig. 8 (see Fig. 3 ).
In Section 3 we showed that detection of EEP-related changes in night-time OH is practical at altitudes below 80 km. This means that only electrons with energies greater than 100 keV can be considered and lower-energy electrons, such as those creating aurora at ∼ 100 km, are excluded. However, the effects of very high-energy electrons (E > 1 MeV, i.e. highly relativistic electrons) could possibly be studied because MLS observations extend down to ≈ 30 km.
The results show that within the electron count rate range observed here, OH concentration changes by about 100% (Fig. 6) . The major part of the OH changes occur only at high count rate values, so that only effects of relatively strong EEP can be detected.
Based on the line fits and the estimated standard deviations, count rates lower than 10 -30 counts/s (as observed by MEPED) are not distinguishable using OH data. As D R A F T January 10, 2011, 1:41pm D R A F T discussed earlier, the background level of OH determines this detection threshold which would therefore vary, e.g., with season of year.
Since the MEPED data do not represent real precipitation flux in absolute numbers, an atmospheric model would be needed to make a connection between precipitation fluxes and OH concentrations. EEP input would need to be varied so that flux threshold values in different conditions can be determined and the energy-flux spectrum of electrons can be solved. Clearly, larger data sets should be used in order to provide electron spectra for longer periods of time. This would aid the assessment of EEP importance in general in the context of atmospheric chemistry.
Conclusions
We have shown that there is a strong link between mesospheric night-time OH concentration at 71 -78 km altitude and 100 -300 keV count rate of electrons precipitating into the atmosphere from the radiation belts. This is the first evidence of a direct HO x response to energetic electron precipitation, and a strong indication that EEP can drive significant in-situ changes in neutral atmospheric chemistry. The well-known mechanism causing the HO x increase is ionization of atmospheric molecules by energetic particles which leads to ion chemical production of odd hydrogen from water vapor.
In this study we used OH data from MLS/Aura and electron count rates from MEPED/POES, concentrating on magnetic latitudes 55 -65
• . In the cases studied, i.e. March 2005 and April 2006, the OH concentrations were enhanced when high electron count rates were observed. The correlation between the count rate and OH data was found to be positive and high such that 56 -87% of the OH variation can be explained by 
